1.-Introduction
Titanium carbide (Tic) coatings are well known for combining a number of special properties which have made them of particular interest for a wide variety of applications. Tic exhibits very high melting point and thermal stability, high hardness and excellent wear resistance, low coefficient of friction, high electrical and thermal conductivities [I] . Despite the fact that their major field of application is as wear resistant coatings for cutting tools and inserts, they have also been used as thermal barrier coatings in fusion reactors [2] and as a diffusion barrier in semiconductor technology 131.
Thin films of titanium carbide have been grown from the vapour phase using several techniques, either chemical or physical [4] . The use of a laser as the heat sourw for the chemical vapour deposition of materials (thermal LCVD) was first reported in 1972 [5]. Ever since, LCVD has been extensively studied and used for the deposition of various metals, semiwnductors and insulators, mainly for microelectronics applications [6] .
Results on the LCVD of Tic on different substrate materials, by employing different types of lasers, were previously published in the literature by Allen and co-workers [7, 8] , and more recently by Umezawa et al. [9] and Westberg et al. [lo] . In this work, we used a C@ laser to thermally drive the following chemical reaction:
Tic4 (g)+ CHq (g) ---a Tic (s)+ 4 HCI (g), on fused silica substrates, yielding the formation of the Tic solid films. Due to the increase interest in the use of silica devices in waveguide optics, the protection of such devices became a more and more relevant
Article published online by EDP Sciences and available at http://dx.doi.org/10.1051/jp4:1993329 subject. Tic may be considered a good candidate for the protection of those devices against, e.g., contamination by hydroxyl groups. Nevertheless, coating of silica by LCVD TiC is very little known 181.
2.-Experimental Procedure
A schematic diagram of the experimental apparatus used for the deposition of titanium carbide films is shown in figure 1. Since this system was firstly used for depositing titanium nitride, a general description can already be found in reference [I 11. Here, we focus mainly on the particularities which have been introduced in order to meet the new coating/substrate needs. The CO;! laser was operated in continuous wave TEh4()0 mode at a wavelength of 10.6 ym. The laser beam was passed through a ZnSe beam-splitter (R=T=50%) before impinging on the substrate at perpendicular incidence. The reflected beam was received in a water-cooled beam dumper or in a power meter. Because fused silica substrates, which absorb -84% of the laser infrared radiation (121, were employed throughout the experiments, no focusing lens was used. The spot diameter of the unfocused beam was 13 mm at the substrate surface.
The deposition reactor is a stainless steel chamber provided with a ZnSe window for the transmission of the C02 laser beam and operating in the static fill mode. Before the introduction of the reaction gas mixture, consisting of TiC4, CHq and H2, the reaction chamber was always evacuated down to a base pressure less than 5x10-6 torr . The partial pressures of the reactants were measured sequentially to be 7, 21 and 130 ton for TiC14, CHq and H2, respectively, and were kept constant at these values in most experiments. The substrates used were fused silica 15x15 or 25x25 mm2 plates. They were ultrasonically cleaned in acetone and ethanol prior to insertion in the reactor.
The titanium carbide films were grown with the substrates immobile under the laser beam for irradiation times varying from 15 to 40 seconds. The incident laser power took values in the range 135 -250 W, yielding laser power densities between 90 and 160 ~. c m -2 . When the experiments were carried out at higher values, either of the laser power or of the interaction time, melting of the coating layerlsubstrate was observed.
The as-deposited Nms were investigated by X-ray diffracton (XRD) using Cumradiation and conventional Bragg-Brentano geometry. Both the surface morphology and the fractured cross-section of the films were examined by scanning electron microscopy (SEM). In a few cases, we have wried out a qualitative chemical analysis of the Ti and Si elements across the deposits by wavelenght dispersive spectrometry (WDS). The topography of the films and the thickness measurements were performed by using a diamond stylus profilometer.
3.-Results and Discussion
The deposits were primarily identified by X-ray diffraction. A typical XRD spectrum from the asdeposited material is illustrated in Fig. 2 . In addition to the main peaks from Tic, which are labeled in the figure by the Miller indices of the diffracting planes, a number of low intensity Iines can also be observed. The experimental intensity distribution pattern for the Tic follows qualitatively the general trends deduced for a plycrystalline Tic sample with the grains randomly oriented However, an enhancement of the (200) peak was always encountered showing that the Tic films are preferentially (200) oriented under the deposition conditions used in this work. This result was also found by Umezawa et al. [9] for the LCVD of Tic on stainless steel with a YAG laser when the ratio H2lCH4 = 6, which is very close to our own ratio value of 6.2. The low intensity peaks were attributed to various titanium oxides, predominantly Ti@ (anatase) and less Ti305, which are actually visible at the outer rim of the titanium carbide spots where the deposition temperature is lower. The presence of Ti in this region was confirmed by WDS analysis. Furthermore, a colour analysis of the spots has still revealed that in most coatings a very narrow yellow-olive ring surrounds the metallic-grey central film of Tic. It is very likely that a very thin layer of BSic has formed as a result of the exposure of the silica substrate at high temperature to the CHq and H2 gaseous reactants [13, 14] . Because of the small amount of SiC material and also the lattice parameter of the silicon and titanium carbides are very close, it is difficult to detect the presence of O-Sic by XRD analysis. However, in some patterns there was some evidence of Sic peaks superposed on the shoulder of the Tic peaks. The formation of an interlayer of silicon carbide can be very beneficial in providing a graded variation of the coefficient of thermal expansion between the silica substrate and the Tic coating (0.5~10-6 K -~, 3.6~10-6 K-I and 7.6~10-4 K-1, respectively for Si02, Sic and Tic), and thus reducing the appearance of fissures during the cooling of the system due to thermal stresses. Figure 3 shows SEM images from the surface of a TiC film grown at a laser power of 175 W for a constant irradiation time, t = 40 s. These micrographs illustrate sequential zones of the film from the centre (Fig. 3a) to the periphery (Fig. 3c) . As it can be seen, the surface morphology and the microstructure change with distance from the spot centre owing to the strong dependence on the local induced temperature. For the deposition conditions used throughout this work, three types of microstructure related to T i c deposition were usually found: faceted crystallites in the central region (Fig. 3af , which is the more extended one (-60-70% of spot diameter), surrounded by a nodular region (Fig. 3b) and another one consisting of platelets (Fig. 3c) gaseous reactants concentration , substrate material, etc. In particular, it has been described that titanium carbide platelets grow in a CVD process preferentially at lower deposition temperatures [18] . On the other hand, this microstructure is also visible out of the centre of TiN spots deposited by thermal LCVD with a CO;! laser 1191. We plotted in figure 4 the spatial variation of the thickness of the Tic layers deposited at the highest value of the incident laser power, 250 W, for irradiation times ranging from 25 to 40 s. This selection of the deposition parameters was made with the aim of illustrating a representative behaviour of the film This explanation does not exclude other phenomena taking place at the same time as, for instance, the decrease of the sticking
The curves shown in Fig. 4 were obtained growth. In fact, while at constant irradiation time, an increase of the laser power affects the amount of Tic which is formed but not its distribution, for each value of the incident laser power a remarkable change on the temporal evolution is observed between 35 and 40 s, the thickness profile changing from a gaussian type to a double-humped shape. LLCVD temperature for the LCVD process. Although the method just described may look over simplified, we believe that it gives deposition tempemtum very close to reality (see below).
Because the profiles are not perfectly symmetrical and their shape changes with increasing temperature, it becomes difficult to set a criteria for which is the best measure of the thickness. Therefore, it is more accurate to evaluate the apparent deposition rate for the Tic fdms in terms of the total mass of titanium carbide deposited per unit time, instead of the thickness of the profiles. Then, to obtain this total mass, we integrated the (2-d) experimental cross-sections of the thickness profiles over an angle 9 which describes the rotation of the profile around an axis perpendicular to the substrate. The results of the calculations are shown in Fig. 6 for different values of the processing parameters, where we used the bulk density of Tic, 4.93 g.cm -3. As it can be seen from this figufe, there is a decrease in the deposited mass for the highest incident laser power at the longer irradiation times. The two arguments already given to explain the appearance of the volcanolike deposits may also be considered here to justify the smaller amount of m 6 a l which is deposited at that laser power level. Figure 7 illustrates an Arrhenius plot where the apparent deposition rate and the temperature are those evaluated above. The data were fitted by a single straight line using a least-squares method, yielding an apparent activation energy of 86 Wmole. The fact that only one straight line is needed to fit the data implies that only one mechanism is responsible for the the growth of the Tic layers. The apparent activation energy 
4.-Conclusion
In this work, we have investigated the thermal laser chemical vapour deposition of Tic films onto fused silica substrates. The films were grown at a constant pressure of the reactants using a CW TEMoo C@ laser. The films obtained were polycrystalline and preferentially (200) oriented. We have shown that the growth conditions, i.e. the incident laser power and the irradiation time, influence the microstructure and the morphology of the deposits. The mass of Tic deposited per unit time and the deposition temperature range were determined from the thickness profiles measurements. Those two quantities were then represented in an Arrhenius plot, yielding an apparent activation energy for the LCVD process of 86 kJlmole. By comparing this value with results reported in the literature, we concluded that under our deposition conditions the LCVD of Tic is controlled by mass transport.
